In this study we investigated how two different approaches to drawing free body diagrams influence the development of students' understanding of Newton's laws, including their ability to identify real forces. For this purpose we developed a 12-item two-tier multiple choice survey and conducted a quasiexperiment. This experiment included two groups of first-year physics students from Rijeka (RG) (n e ¼ 27) and Split (SG) (n c ¼ 25) Universities. Students from both groups solved mechanics problems for a period of two class hours. The only difference was that RG students used the superposition of forces approach to solving mechanics problems and in SG the decomposition of forces approach has been used. The ANCOVA (n c ¼ 17, n e ¼ 17) showed a statistically significant difference in favor of RG, whereby the effect sizes were moderate to large, and the largest differences have been observed in the ability of identifying real forces. Students from the control group (SG) more often exhibited the misconception that forces and their components act on a body independently and simultaneously. Our results support the idea that the practice of resolving forces into the components may not be the most effective way to develop understanding of Newton's laws and the concept of force.
I. INTRODUCTION
In earlier research it has been shown that students exhibit significant difficulties when it comes to using vectors and free body diagrams (FBDs) [1] [2] [3] [4] . Typically, the mathematical approach to mechanics problem solving is characterized by decomposition of forces into the components. In this way additional, nonexistent forces are introduced, which leads to a loss of physical clarity. Konradtyev argues that at least for some tasks this conceptual confusion could be prevented by using the superposition of forces approach to drawing FBDs and solving mechanics problems [5] . By the superposition of forces approach we mean a direct addition of the force vectors, using the tail-to-tip method [6] , without resolving the vectors into their components.
Although the quoted arguments related to the effectiveness of the superposition approach seem to be scientifically sound, as far as we know they have not yet been tested through implementation of experimental or quasiexperimental studies. So we decided to run a quasiexperimental study in order to investigate whether the superposition of forces approach results in better understanding of FBDs compared to the decomposition of forces approach.
The main research question of this study was as follows: "Is the approach to drawing and using FBDs which avoids specifying force components more effective than the traditional approach (in which the forces are resolved into the components) when it comes to developing students' understanding of Newton's laws including their ability to identify real forces?" By the term "real force" we mean the resultant interaction of two bodies in the considered physical situation which should be distinguished from mathematical entities such as force components.
II. REVIEW OF RELEVANT LITERATURE
For purposes of reducing the complexity of authentic representations and organizing the process of problem solving, physicists often use diagrams. One kind of diagram traditionally used in physics is the free body diagram (FBD). Rosengrant, van Heuvelen, and Etkina [7] define FBDs as "diagrammatic representations in which one focuses only on an object of interest and on the forces exerted on it by other objects." Most physics teachers recognize that FBDs have a high instructional value [8] . Their beliefs are supported by empirical findings that show students who correctly draw FBDs are significantly more successful in physics problem solving [7] .
It is not sufficient to develop students' skills in drawing diagrams-it is also necessary to develop their abilities of using these diagrams for purposes of formulating the corresponding equations of motion [9] . According to Flores, Kanim, and Kautz [10] it is very important for the students to recognize that Newton's 2nd law is a relationship between vectors. To that end, students should practice the skill of finding the resultant force acting on a body and relating it to the resultant acceleration. Earlier research has shown that this task can be difficult even for physics experts [11] .
Taking into account the high importance of FBDs for problem solving in mechanics, as well as the difficulties of using them in physics instruction, many researchers attempted to design effective approaches to drawing and (or) using FBDs [12] [13] [14] [15] . All these approaches share the common characteristic of requiring the student to manipulate vectors with the final aim of facilitating problem solving (e.g., determining the acceleration of the system or some unknown force).
The procedure for solving physics problems by using FBDs usually consists of three essential steps. The first step is the construction of a free body diagram, the second step entails the graphical determination of the resultant force vector, and the third step (if required in the problem) is finding its magnitude. There are different methods for graphical vector addition [6] . The most common is the decomposition method whereby the vectors are resolved into the components and the components with the same line of action are added. Another is the superposition method where the vectors are added such that the tail of each subsequent vector is positioned at the tip of the previous vector. In both cases the magnitude of the resultant vector is determined using the Pythagorean theorem and trigonometric methods.
Some point out that the decomposition of forces approach to drawing FBDs can lead to certain difficulties in students' conceptual understanding of physics. van den Berg and van Huis [16] point out that force diagrams are often quite confusing due to a large number of arrows which are typically used to denote forces, their components, resultants, and velocities. According to Kondratyev and Sperry [5] "…activity of separation of the vector quantities into their perpendicular components adds an unnecessary complication for the student who is trying to make sense of the physical situation and solve the problem." Students often tend to "jump to force components immediately" and memorize the meanings of these components in specific cases "rather than deriving them from the geometry of the problem" [1] .
Some of students' difficulties related to drawing and using FBDs probably arise due to their difficulties with manipulating vectors. Knight [2] considers vectors to be an essential component of the mathematical language of physics. At the same time he warns that, unlike physics teachers, students do not see vector manipulation as obvious. Student difficulties regarding vector manipulations (algebraic and graphical) in introductory physics courses have been also reported by Kanim [3] . Ngyen and Meltzer [4] found that the majority of their students in the algebra-based courses were not able to correctly carry out two-dimensional vector addition, even after a full semester of study. Further, they pointed out that students do not sufficiently understand the concept of "vector direction" and are quite confused regarding the tail-to-tip and parallelogram addition rules. In the study by Barniol and Zavala [17] it has been shown that the students' choice of addition procedure depends on the context-in the context of forces students more often use the "tail-to-tail" approach, whereas in the context of displacement vectors they prefer the "tail-to-tip" approach. Faced with the relatively low student knowledge of vectors, many researchers emphasized the necessity for more practice and explicit instruction on using vectors in physics teaching [2] [3] [4] .
III. METHODS

A. Test design
For the purposes of this study, we developed the Free Body Diagram Test (FBDT) which is provided in Appendix A (see Figs. 3 and 4) . FBDT is a two-tier test that is proposed to measure students' understanding of Newton's laws (tier 1), as well as their ability to identify real forces in different mechanics contexts (tier 2). It is a multiple choice survey consisting of 12 items based on visual representation, i.e., on different FBDs. Each item stem comprises the verbal description of an object in a certain physical situation and students are required to choose one of the five graphical options that is the best match for the description. The only differences between the options are the forces acting on the body. For simplicity and also to save space we drew the forces directly on the sketch of the object [18] . Please note that such an approach is not completely in line with Rosengrant's [7] definition of FBDs to the point that in most cases the supporting surface, attached rope, or trajectory of the object are also included in the diagram. The used approach to drawing FBDs is compatible with the Croatian tradition of physics education, and in our opinion it facilitates thinking about the physical origin of forces acting on a body (by reducing cognitive load related to recalling aspects of the physical situation at hand). With the aim of excluding the influence of torques, all the forces were drawn from the object's center of mass [16] . The forces were marked by numbers. For each item, participants were required to specify which of the five diagrams correctly shows real forces acting on the body in concern (tier 1) and also to write down the names of the corresponding forces (tier 2). Thus, we could say that FBDT measures students' representational fluency [19] within the context of free body diagrams.
Our choice of item distracters was mostly based on the results of an earlier study in which we required teachers (who taught physics to seventh and eighth grade students in Croatia) to draw FBDs for situations similar to the ones chosen in the FBDT. Taking into account the fact that teachers exhibit similar misconceptions as their students [20] as well as the fact that many of these misconceptions could be related to the characteristics of traditional physics instruction, we could say that our test also checks for didaktikogenic misconceptions.
B. Content validity of the test
In order to provide evidence regarding the content validity of our test, we used an approach which is similar to the approach taken by Lawshe [21] . Specifically, we asked 33 high school physics teachers to answer the following questions for each of the test items:
(1a) Is the knowledge measured by this item an important part of understanding of Newton's laws of motion within the context of a typical introductory course of physics at the university level? (1b) Is the knowledge measured by this item an important part of the ability to identify real forces in various mechanics phenomena within the context of a typical introductory course of physics at the university level? (2) How much do you like the item on a scale from 5 (not at all) to 10 (very much)? (3) How difficult is the item (for an average ability student) on a scale from 1 (below average difficulty) to 3 (above average difficulty)? Based on the physics teachers' answers to the questions presented above, we obtained some quantitative measures (see Table I ) related to the content validity of our test items (questions 1a and 1b), as well as about the test buy in [22] and teachers' knowledge about students (questions 2 and 3).
The results suggest that there is a very high agreement amongst physics teachers regarding the content validity of the test. The buy-in aspect of the test seems to be fully achieved. Teachers also consider the test to be at an appropriate difficulty level. For most of the items they stated that the item is at the level of a student of average ability.
The average coefficient of variation [23] for teachers' affective attitude towards the items amounted to 0.1. This result is an indicator of homogeneity regarding teachers' affections towards the items. Their estimations of an item's difficulty varied much more-the average coefficient of variation amounted to 0.3.
C. Participants
The study participants were students from two different Croatian universities-University of Rijeka and University of Split. The student sample from Rijeka consisted of 27 first-year physics students. Similarly, the student sample from Split consisted of 25 first-year physics students. The gender distribution was very similar in both groups-there were 52% males in the Rijeka group compared to 56% males in the Split group. Both student samples have been established by means of the convenience sampling technique.
We used a two groups pre-post quasiexperimental design. Thereby, we only decided at random which of the two groups should receive the experimental treatment and which of the groups will be the control group. Specifically, Rijeka students received the experimental treatment (superposition approach to solving problems), whereby the Split students were taught based on the decomposition approach to solving problems, i.e., they were the control group.
For the purposes of this study, one of the authors of this paper gave instruction to the control group (Split), and the other author gave instruction to the experimental group (Rijeka). The Rijeka lecturer (age ¼ 40) who took part in this study has 10 years of working experience in teaching physics at the preuniversity level and 2.5 years of working experience in teaching general physics at the university level. On the other side, the Split lecturer has 8 years of experience in teaching physics at the university level, and 12 years of experience in teaching general physics at the university preparatory courses. Both teachers worked at the universities which were chosen for purposes of implementation of the research design. In order to minimize the instructor threat to the internal validity of the study, detailed lesson plans were prepared for purposes of the implementation of the experiment (see description of treatments section).
D. Relevant characteristics of the curriculum
The high school curriculum in Croatia explicitly proposes the teaching of superposition or decomposition of forces in the first year of secondary school (15 year olds). However, it does not include suggestions regarding the number of teaching hours which should be devoted to individual teaching units. It is important to note that in TABLE I. Raters' opinions on FBDT-results of the teacher survey; M is the mean value, SDr the standard deviation of raters' average ratings, and SDi the standard deviation of the items' average ratings; i.e., SDr is a measure of between-rater variability and SDi is a measure of between-item variability.
Interrater agreement
Interrater agreement Affective attitude Estimated difficulty (question 1a)
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Croatia the students are taught about the superposition of forces in primary school (7th grade, 13 year old pupils) for the first time, whereas they do not learn about decomposition of forces until secondary school (1th grade, 15 year old pupils). Nevertheless, when faced with mechanics problems Croatian secondary school students (and teachers) prefer the decomposition of forces approach to the superposition approach [24] . At the University level, Rijeka students learn explicitly about superposition or decomposition of forces within the context of the Physics I: Mechanics course, whereby typically 3 hours of instruction are devoted to this teaching unit. Of course, students are expected to apply their knowledge about superposition or decomposition of forces in many occasions or courses throughout their study. Similarly, Split students learn about superposition or decomposition of forces within the general physics 1 course. Five hours are devoted to this topic explicitly, but students are required to apply the gained knowledge in many other courses or occasions.
E. Experimental design
As stated earlier, for purposes of answering our research question a quasiexperimental design has been implemented. Both groups were pre-tested and, after the treatment, posttested by using FBDT. In this way, we preserved the naturalistic setting, i.e., the students were in their usual teaching environment. Each student was given a copy of FBDT and a separate answering sheet (see Appendix A). Testing time was limited to 30 min. It is important to note that students were asked to choose the diagrams that contain only the real forces and to name the forces not in accord to their function, but in accord to their physical origin.
The whole experiment, including the pretest and posttest, has been conducted as a part of regular teaching activities during the first three weeks of the second semester. In the first week students were administered the pretest. In the subsequent week they have been receiving the teaching treatment for two hours, and in the third week the students wrote the post-test.
Our independent (treatment) variable describes the treatment approach taken to handle FBDs. It consists of two levels (conditions). These conditions reflect the superposition and decomposition of forces approaches, respectively. The dependent variable is students' post-test score on FBDT and their pretest score has been used as the covariate. We attempted to make the two treatment conditions as similar as possible, except for the crucial factor, i.e., the approach to handling FBDs. Each of these two approaches is thoroughly described within the lesson plans prepared for the purposes of this study and concisely presented below. The lesson plans which were created for the two conditions differed only with respect to the taken problem solving approach. Special attention has been devoted to the issue of matching the two conditions with respect to the taught contents and examples. As emphasized earlier, the duration of the treatment was set to two teaching hours, in both groups. The students were unaware of the experimental hypothesis which contributed to minimizing the reactivity effects, thus potentially increasing the ecological validity [25] .
In order to draw conclusions about the effectiveness of the teaching treatments, we used a one-way betweengroups analysis of covariance (ANCOVA). Our null hypothesis was that the post-treatment level of dependent variable, in the experimental group will be the same as in the control group. The alternative (research) hypothesis was that students who got the superposition of forces treatment will outperform students who used the decomposition of forces treatment.
F. Description of treatments
In both the experimental and control groups students were required to solve the same six physics problems, listed in Appendix B (see Fig. 5 ). For purposes of solving the problems, students had to draw and use FBDs. The instructors modeled the problem solving process, by explicitly demonstrating the process of drawing FBDs on the blackboard. Thereby, in the control and experimental group different approaches were used. The traditional (decomposition) approach was applied in the control group and a nontraditional (superposition) approach in the experimental group (see Appendix B).
The traditional approach to problem solving, which is typically applied in regular physics classes, most often was started as follows: The real force vector (usually gravity) was resolved into convenient components (that have the same lines of action as other forces) by using the parallelogram rule [26] and the components were added to corresponding real forces of opposite directions in order to find the resultant force (tasks 1, 2, 5, and 6). However, in some other tasks forces were directly added to corresponding forces of opposite directions in order to find the resultant force (task 3), or forces were directly cancelled with corresponding forces of opposite directions and then remaining forces were added to each other by using the parallelogram rule (task 4). The magnitude of the resultant force has been found from the geometry of the problem.
The nontraditional approach involved drawing real forces acting on the observed object, followed by their addition by applying tail-to-tip rule. As a matter of fact, we can add any two vectors by placing the tail of the second vector so that it meets the tip of the first vector. The sum is the vector from the tail of the first vector to the tip of the second vector. In our physics problems, such addition of vectors is reflected as follows: If an object is at rest or moves uniformly along a straight line, the real forces acting on the object close a polygon (see nonstandard approach in Appendix B, tasks 1 and 3). In other words, a resultant force on the observed object is zero. If an object accelerates, the real forces acting on it do not close the polygon, and the resultant force extends from the tail of the first vector to the tip of the last vector, closing the polygon of forces (see nonstandard approach in Appendix B, tasks 2, 4, 5, and 6), in accordance with the tail-to-tip rule. In this case the magnitude of the resultant force is calculated from the side lengths of the obtained polygon (mostly triangle) of forces.
IV. RESULTS
A. Item statistics and test reliability
Detailed FBDT item statistics for pretest and post-test data from the student survey together with the average item difficulty as estimated by the raters (i.e., teachers) is given in Table II . Specifically, Table II contains item difficulty indices (proportions of correct answers) and item discrimination indices for the first tier and both tiers, separately. Mean values and standard deviations are given in the last column.
In the relevant literature, item discrimination index values below 0.2 are considered to be low [27] . Based on this criterion, we found that only item 1 is potentially problematic for the first tier, as well as for both tiers. This item should be revised in future studies. There is also a problem with the second tier of item 11 due to a proper naming of the centripetal force which will be discussed later.
The reliability of the test has been estimated by calculating the Kuder-Richardson 20 (KR-20) measure [28] . From the pretest data we found values of 0.73 for the first tier and 0.77 for both tiers. From the post-test data we found values of 0.67 for the first tier, and 0.78 for both tiers. Typically, KR-20 values above 0.7 are considered to be satisfactory [29] . Taking into account the low number of test items in FBDT, we find the obtained values to be satisfying, i.e., the obtained data suggests that FBDT's internal consistency is relatively good.
A
B. Comparison of overall gain
It is important to note that 10 out of 27 cases (students) in the Rijeka group, and 8 out of 25 cases in the Split group, did not write both the pretest and the post-test. Consequently, all of these cases were excluded from the ANCOVA. Generally, the existence of baseline differences represented a threat to the internal validity of our study. In order to alleviate that threat we enriched our data analysis by using the normalized gain measure. Pretest and post-test average scores and information about gain are given in Table III . The calculation of the between group gain difference is based on formulas given by McNemar [30] . The effect size r is calculated based on the t-test value in line with the instructions given by Rosnow, Rosenthal, and Rubin [31] .
In order to explore the relative efficacy of the interventions for specific physical situations it is useful to compare the gains for individual test items. The normalized gain measures [32] (both tiers) are shown in Fig. 1 .
C. The ANCOVA
ANCOVA was conducted to compare the effectiveness of two different interventions. The independent variable was the type of intervention. The dependent variable consisted of students' scores on the FBDT after the interventions were completed and their pre-intervention scores on the same test were used as the covariate. Students' answers to an item were coded with one only if they were correct on both tiers of the item, i.e., only if they chose the right option and were able to correctly identify all the forces acting on the body or bodies of interest.
We checked the assumptions of normality, homogeneity of variances, and homogeneity of regression slopes, the assumption of homogeneity of variance, and the assumption of normally distributed errors. All these assumptions were met for our data. Further, the KR-20 for pretest and post-test scores proved to be satisfactory, which means that the reliability of measurements for the dependent variable as well as for the covariate was relatively high.
The covariate, pretest scores, was significantly related to the students' post-test scores, Fð1;31Þ ¼ 25.81, p < 0.001, r ¼ 0.67. There was also a significant effect of intervention on post-test scores after controlling for the effect of pretest scores, Fð1; 31Þ ¼ 8.33, p < 0.01, and r ¼ 0, 46. In other words, the experimental treatment resulted with significantly higher post-test scores compared to the control treatment.
D. Analysis of student answers on individual items
For purposes of identifying students' preconceptions related to our dependent variable, we analyzed the answers from all the 52 students who wrote the pretest. Table IV contains the most frequently chosen incorrect student answers, as well as the corresponding percentages and specifics of the chosen diagrams. These data were particularly useful for identifying student misconceptions related to the 1st and 2nd Newton's law, as well as for gaining some insight about students' conceptual confusion regarding the relationship between components and resultant forces (see discussion section).
Some useful information about student thinking about forces could also be derived from analyzing their answers on tier 2, i.e., from their naming of forces (see Table V ). While the information from tier 1 allowed us to draw some conclusions about student understanding of Newton's 1st and 2nd law, the information from tier 2 brought some insight about students' understanding of between-object interactions and their understanding regarding actionreaction force pairs, which allowed us to draw some conclusions about students' understanding of Newton's 3rd law. In addition, we got a more detailed picture of students' ideas regarding the relationship between forces, components, and resultants.
In order to present an as-wide-as-possible spectrum of force namings, we took into account pretest as well as post-test data. The pretest-post-test comparison of incorrect namings for several types of forces is given in Fig. 2. 
V. DISCUSSION
A. Discussion about the relative efficacy of the experimental and control treatment
The results of the gain comparison for the control and experimental group (see Table III ) as well as the results of the ANCOVA indicate that we should reject the null Gravitational force; fractional force; pulling force; radial force a The contact force between the walls of the channel and the ball. Actually it is normal force but occurs tangentially to the plane of motion because of the shape of the groove.
b Many students failed to realize that centripetal force is the resultant force that is directed toward the center of the curvature of the path-they often think that individual forces acting toward the center of the curvature of the path are centripetal forces on their own, which is true only in certain circumstances.
hypothesis and accept the alternative hypothesis according to which students who get the superposition of forces treatment outperform the students who get the decomposition of forces treatment when it comes to developing students' understanding of Newton's laws including their ability to specify real forces.
These results seem to support the ideas by Kondratyev and Sperry [5] , who advocated for the direct use of vectors in mechanics problems and criticized the practice of resolving forces into the components prior to applying Newton's laws. Specifically, while analyzing the disadvantages of the decomposition of vectors approach to solving mechanics problems, they pointed out that in extreme cases the student may think that nature does not exist without coordinate axes. By overemphasizing the decomposition of forces procedure, we run the risk that many of our students do not differentiate between real forces and some mathematical, auxiliary entities (e.g., force components). Exactly this has been shown in our study, where students from the experimental group outperformed their peers from the control group with respect to the ability of identifying real forces acting on physical objects. Savinainen et al. [33] found that "the likelihood of the correct identification of forces in an FBD is relatively high if the student has identified interactions correctly in an interaction diagram."
In our opinion, our approach as well as the approach by Savinainen et al. [33] strives at focusing attention on physical aspects of a given situation, instead of putting accent on mathematical procedures.
For 9 out of 12 test items, the normalized gains were larger in the experimental group compared to the control group (see Fig. 1 ). Largest normalized gain differences in favor of the experimental group have been observed for items 10 and 3. In item 10 (see Appendix A), students had to identify forces acting on a pendulum, which are only the gravitation force and the tension in the rope. None of the students from the experimental group solved this item correctly in the pretest context. They mostly chose the distractor D (65%) which is an indicator for the misconception according to which a gravitational force as well as its components act on the pendulum, at the same time. After the treatment, the percentage of correct answers in the experimental group increased from 0% to 71% which suggests that our experimental treatment helped the students to overcome the described misconception.
In the control group there was no pretest-post-test gain on item 10. The distractor which has been most frequently chosen in the control group was distractor D (29%) on the pretest and on the post-test distractor C (29%), where tension of the rope, gravity force, and their resultant are shown. Students who chose that distractor seem to believe that there are three forces acting on the pendulum bob-the two real forces and their resultant. In other words, it seems as if the decomposition approach to solving problems may be not the most effective way for overcoming the misconception related to "thinking that individual forces and their resultant act on a body at the same time." One factor which could have additionally motivated the students to pick distractor C is related to the widely known misconception that there always has to be one force acting in the direction of motion of the object.
In item 3 (see Appendix A) students had to choose the FBD which best describes an object that moves with constant velocity across a horizontal surface. The results of the pretest showed that in the experimental group students mostly chose distractors A and C. In the control group, students mostly chose distractors A, C, and D. All of these distractors imply that there is nonzero net force acting on the body. These results clearly show that students do not adequately associate the force diagram with the application of Newton's 1st law. The choice of the distractor C is most probably related to the famous "motion requires force" misconception [34] . After the treatment, the percentage of students who exhibited the described misconception in the experimental group decreased from 18% to 0%.
Typically, in the superposition approach students develop the habit to explicitly apply Newton's laws in their vectorial form, i.e., they are expected to consistently approach the procedure of finding the resultant force vector by adding the force vectors which makes it possible to reason about the net acceleration vector. In the case of distractor A the resultant force vector would be directed towards the supporting surface which is counterintuitive. This could explain the fact that students from the experimental group had a much larger gain on item 3, compared to their peers from the control group. In fact, the percentage of students who chose answer A decreased from 18% to 6% in the experimental group. The reason for a negative gain in the control group could be related to the fact that on the post-test fewer students were able to correctly specify forces acting on the body in comparison to the pretest, i.e., to the inefficacy of the treatment with respect to the ability on tier 2 rather than on tier 1. This also indicates that in the decomposition of forces approach students more often fail to differentiate between the real forces and some mathematical abstractions.
For items 1, 4, and 11 the normalized gain was larger for students from the control group. However, the effect size corresponding to these differences was very small. The largest (although small) normalized gain difference, in favor of students from the control group, was observed for item 1. In this item students had to identify the diagram which best describes a body which rests on a horizontal surface. Even at pretest 94% of control group students solved it correctly compared to 47% students from the experimental group. At post-test all of the students from the control group solved this item correctly, compared to 94% students from the experimental group. Therefore, we conclude that the normalized gain was very large in the control group, mostly because it reached the theoretical maximum. Generally, due to its low discrimination value (see Table II ) which is related to its easiness, item 1 will be probably discarded from future versions of the test.
Finally, it should be noted that the results of normalized gain analyses reinforced our ANCOVA findings, i.e., they also showed that the experimental treatment seems to be superior in comparison to the control treatment when it comes to our dependent variable.
B. Discussion about incorrect answers and corresponding misconceptions
In order to gain further insight into student preconceptions, as well as into the diversity of students' ideas related to Newton's laws and the concept of force, we decided to take a closer look at student responses to the FBDT items.
In items 5, 6, 7, and 10, students often chose incorrect force diagrams that unnecessarily involved components of the gravitational force. This result supports our assumption that the use of the decomposition of forces solving method creates a misconception that the force components are real forces too, acting simultaneously with the original force. As a matter of fact, by analyzing the student responses we found that many students lack the ability to distinguish among the real forces, the components of the forces, and the resultant force. For example, as seen from Table V, there are some students who have chosen the correct force diagrams, but they incorrectly named a frictional force as a component of gravitational force, or a pulling force and the normal force of the groove as a resultant or centripetal force. Note that the resultant force is not a name for a real force. The students' failure to distinguish between forces, components, and resultant is probably caused by confusing approaches to drawing FBD on blackboards, as well as in textbooks [16] . Such confusing diagrams contain arrows for forces, arrows for components of forces, and an arrow for a resultant or net force, at the same time. Even when teachers and textbook authors use different colors for components and the resultant, students usually do not use colors when drawing diagrams. Consequently, when trying to learn from their lecture notes, students often are not able to distinguish between forces, components, and resultants. Thus, difficult physics concepts are made even more difficult. To facilitate discernment, in our research treatments we drew forces as simple arrows, components of forces as dashed arrows, and the resultant force as a double-line arrow.
The most frequent incorrect answers in items 3 and 12 indicate the existence of the well-known misconception that continuing motion implies the presence of a continuing net force in the direction of the motion. Concretely, in item 3, one of the most common incorrect answers was the answer C, in which the resultant force is not zero as it must be for uniform linear motion. It has been found that many students exhibit this misconception even after they have completed their course in mechanics, and that it shows up in a wider diversity of problem situations than one would expect [34] . Similarly, the most common incorrect answer in item 12 is related to choosing a diagram in which the resultant force is not directed to the center of the circle, as it should be for a uniform circular motion, but in the direction of motion.
In item 11, the most frequent incorrect answer was the answer E, where the centrifugal force was unnecessarily added. Specifically, it seems as if students often treat circular motion as a kind of equilibrium, whereby the equilibrium is established between a centripetal force and an equal but opposite centrifugal force [35] . The "counterbalancing" notion of circular motion has already been noted by Viennot [36] .
Most common incorrect answers in items 1, 2, 3, and 4 clearly show that students often chose incomplete force diagrams, in which the normal force is missing. Obviously, students are fully aware of the force of gravity, which always acts on the body in concern, but they are not aware of the presence of the normal force which must exist to keep the body at rest. This reflects students' difficulties in understanding of Newton's 1st law. The reason for this could also lie in textbooks, where we often find incomplete force diagrams containing only the forces which are of particular interest for a certain problem. For example, for a body on an inclined plane authors often draw only the gravitational force and its components acting on the body. In our opinion such an approach may contribute to the development of the misconception that gravitational force and its components act on a body independently at the same time. By analyzing students' incorrect namings of forces in the correctly chosen force diagrams for each physical situation (Table V) , we also came up with some conclusions regarding student understanding about between-object interactions, as well as about their ability to identify action-reaction force pairs, which can be related to student understanding of Newton's 3rd law. For example, some students have mixed up the gravitational force exerted on the body by the Earth with the contact force by which the body acts upon the supporting surface due to gravity. As a matter of fact, for a body on a horizontal surface students often chose the correct diagram, which showed two forces acting on the same body along the vertical axis. However, some students designated the two forces as a "force on the surface from the body" and "normal force" of the surface. We know that these two contact forces represent an actionreaction pair for the described situation. Consequently, it seems that these results indicate that some of our students exhibit the misconception according to which forces of action and reaction act on the same body. Similarly, the frictional force exerted on a man (in items 8 and 9) by the supporting surface is considered to be his pulling force.
Regarding the mentioned names of forces, the graph in Fig 2 shows the improvement of students' post-test results in comparison to their pretest results, except for the pulling force. However, the percentage of incorrect namings is still relatively high, especially for those forces that are rarely mentioned in class. Trying to eliminate these difficulties, Turner [37] and Savainen et al. [33] suggest applying system schemas or interaction diagrams in physics classes. These visual representations are considered helpful in situations where student misconceptions frequently lead to specifying incorrect numbers of forces, misidentification of the agents of the forces, or an incorrect application of Newton's 3rd law.
VI. SUMMARY AND CONCLUSION
Vector calculus, in most physics courses, is carried out by the traditional algebraic methods, i.e., by resolving the forces into the components and then summing up the components that have the same line of action. This method has some advantages, particularly in the treatment of a large number of vectors and complicated geometry. After resolving the forces into the components only a simple algebraic operation of adding numbers is needed for summing up the components with the same line of action and obtaining the resultant. In this way a geometrical problem is transformed to an algebraic problem, which facilitates solving even for those students who are less talented in geometry. However, in this procedure the number of the vectors appearing in the force diagram is typically very high.
Although decomposing forces facilitates calculation, the introduction of additional vectors in the diagram makes it difficult for the students to grasp the physical aspects which are at the very core of the corresponding problem. Students often develop a misconception that components are also real forces that can act on objects simultaneously with real forces (resultant interactions between two bodies). In addition, the procedure of decomposing force vectors can result in students' conceptual confusion when it comes to application of Newton's laws that commonly state that the motion of the body is determined by the vector sum of the forces acting on the body. The question arises: Is the approach to drawing and using FBDs, which avoids specifying force components, more effective than the traditional approach (in which the forces are resolved into the components) when it comes to developing student understanding of Newton's laws, including their ability to identify real forces?
For purposes of answering this question we developed a multiple choice two-tier questionnaire consisting of 12 items that is intended to measure student understanding of Newton's laws, including the ability to correctly specify real forces. This questionnaire proved to be a valid and reliable instrument.
In order to compare the efficacy of the two problem solving approaches we conducted a quasiexperimental study. Our test was administered to the two groups of first-year physics students at University of Rijeka (experimental group, n e ¼ 27) and University of Split (control group, n c ¼ 25), after the concept of force had been covered in class. The treatments consisted of solving the same problems in both groups for a period of two class hours, whereby a similar level of guidance has been used in both groups. The only difference between the control and experimental treatment was that in the experimental group the teacher's scaffolding of drawing FBDs and students' problem solving did not include decomposing, but only superposition of forces. We measured student understanding before and after the treatments.
The normalized average gain in the experimental group was 0.46, compared with 0.23 in the control group. The results of the ANCOVA showed a statistically significant difference in favor of the experimental group, whereby the effect size proved to be moderate to large. This result is obviously in line with the argument of Kondratyev and Sperry [5] who suggest direct use of vectors in mechanics problems instead of resolving forces into the components.
It is important to note that the results of our study indicate that the use of the decomposition of forces method to drawing and using FBDs may result with the misconception that a force and its components can act on a body at the same time. Besides that, our results additionally reinforce the findings from earlier studies regarding the existence of the robust preconception that motion of a body implies the existence of force acting on that body along the direction of its motion [34] .
IVICA AVIANI, NATAŠA ERCEG, and VANES MEŠIĆ PHYS. REV. ST PHYS. EDUC. RES 11, 020137 (2015) For some FBDs, students named forces which in reality represent action-reaction pairs for the corresponding physical situations, showing thereby difficulties in understanding Newton's 3rd law.
We believe that the superposition of forces approach has the following advantages: (a) using only one rule for summing vectors, (b) drawing only real forces on FBD, (c) clearly presenting P iFi ¼0 or P iFi ¼ mã for direct application of Newton's laws, (d) developing a geometric way of thinking, and (e) preventing the development of certain misconceptions.
The main limitation of this study is related to the fact that the teacher who gave the treatment was not the same for the control and experimental group. However, in our opinion this circumstance was not a serious threat to the internal validity of our study, because we created very detailed lesson plans for the two treatment groups, in order to make the lessons as little as possible dependent on a (individual) teachers' spontaneous actions. The fact that the instructor of the control group had more university teaching experience and very rich references in popularization of physics further decreases the threat to internal validity.
An additional limitation of the study is related to the relatively small number of students in the treatment groups. However, taking into account the fact that our data did not violate the assumptions of ANCOVA (homogeneity of variance, homogeneity of regression slopes, normality assumption), we can consider the results of our statistical testing as reliable. As a matter of fact, the number of students per group is bigger than 15, which is considered to be a minimum sample size required for experimental research [38] .
In our future work, we are going to run some think-aloud studies in order to further improve our understandings of the huge differences between groups on certain FBDT items. This would allow us to get additional insight into the cognitive effects of the described approaches and to plan further theoretical and practical improvements of the problem solving approach described in this paper. Besides implementing think-aloud studies, it would be also be interesting to investigate how the effectiveness of the described teaching treatments depends on the participants' level of representational fluency. 
